The analyses of rain models for satellite communication links of Ku and Ka bands in Lagos, Nigeria is the focus of this paper. The choice of these frequency bands was informed by the acknowledged fact that satellite signal fading and outages are predominant at those bands. The ITU-R P. 618-12 is the globally adopted prediction model; temperate, equatorial and tropical regions, inclusive. However, there was need to review the suitability of this model especially as it concerned equatorial and tropical stations. Rainfall data spanning a period of three years were collected from Nigerian Meteorological Agency (NIMET). The ITU-R P. 618-12 model along with some renowned prediction models were analyzed and their performances with the locally recorded measurement data were compared to establish their suitability or otherwise. The results obtained suggested ITU-R P. 618-12 exhibited the overall best performance at 12 GHz while DAH showed best performance at 26 GHz, even as both models underestimated and overestimated the measurement at Ku and Ka bands respectively. Again, at both frequencies, SST presented the worst performances.
INTRODUCTION
Microwave signals can be transmitted by satellite telecommunication systems at various frequency bands; and these include C band (4) (5) (6) (7) (8) , Ku band (12-18 GHz), Ka band (26.5-40 GHz), and V band (40-75 GHz) [1] . Improvement in telecommunication and broadcasting globally, occasioned congestion in frequency bands below 10 GHz; compelling microwave designers to migrate to higher frequencies [2] . However, deployments of millimeter wave band for communication links provides certain benefits such as larger available bandwidths [3] , with consequent high-speed service delivery and higher download and upload speeds at lower costs. At frequencies beyond 10 GHz, rain events cause severe attenuation to propagating signals; thus necessitating the need for fade margin assessment of signals during rain events [3] . Rain has been conformed to be a major contributor to signal loss at millimeter wavebands. At these frequency bands, absorption, depolarization, and scattering by hydrometers such as rain, clouds, hail, ice crystals, or wet snow can result in degradation in the transmitted signal power; resulting in signal attenuation [4] . With modern communications, slant path communication had since become a foremost technology owing to its unique characteristics like wide footprints, unlimited geographical coverage, overall reduction in cost of deployment, notwithstanding the distance [5] . For slant path systems operating at millimeter wavebands, the propagation signal is incontrovertibly prone to signal outage due to rainfall, and this is even more pronounced tropical region, as a result of the peculiar nature of the rain precipitatations.
Rainfalls are generally classified into convective and stratiform rain types. This classification is premised on mechanisms which prompt cooling, condensation and associated rain. Precipitation occurs in clouds not cooled down to the freezing point, through the process of coalescence. Convective rains, including local storms and strong showers, occur when updrafts of hot and moist air acquire enough power; hence coalesced to produce cumulo-nimbus clouds. The raindrops which form about the same time at the bottom of the cloud are transported by the updrafts up to an altitude where their concentration increases relatively quickly and then fall back to the ground due to violent downdraft. As a result of atmospheric instability due to heat and moisture, thunderstorms are more frequent in equatorial and tropical regions [6] . Convective rainfall is linked to clouds produced beneath the 0ºC isotherm and are inspired by the robust campaign of air masses instigated by metamorphoses in tropospheric pressure. During this development, water drops are formed; growing in size culminating in rainfalls. The coverage area is several km and lasts just a couple of minutes. In stratiform rains, the updrafts that maintain clouds are so weak that rain particles which form at the cloud top slowly gather and descend while increasing in size. The concept of stratiform precipitation is often used to describe rains in temperate regions. Stratiform rain emanates from development of small ice particles aggregating to form larger ones, with growing particles becoming unstable in the process of transition the melting layer; morphing into raindrops. Stratiform rain has a widespread of a few hundreds of km with an average duration surpassing one hour; and with a vertical scale equaling the height of the BrightBand [6] .
Satellite communication enables two or more earth stations communicate with each other through a radio relay system. The radio signals while being transmitted through the atmosphere, during rain events, are mitigated by absorption and scattering through the transmission medium (the atmosphere). More so, the troposphere has a lot of water vapour molecules, carbon monoxide molecules, oxygen molecules, and various aerosols such as snow, fog and rain; and all these affects radio signals, leading to continual absorption, reflection and scattering, which causes energy reduction (and attenuation) [5] . Rain attenuation can be described as the product of "specific attenuation" in dB/km and the "effective propagation path length" in km. The ratio of the attenuation due to rainfall to the specific attenuation is referred to as the point rain rate while the product of the "path reduction factor" and the "physical path length". The concept of effective path length is a technique to average out the spatial inhomogeneity that is inherent in rain rate, and consequently, the specific attenuation. Due to spatial inhomogeneity in rain rate which largely fluctuates with rainfall intensity, changes in path length reduction factor can be described as a function of rain rate or its corresponding time exceedances. Attenuation can therefore be derived from direct measurements or can be predicted from the knowledge of long-term rain rate. Attenuation, % , which is exceeded at % of time can be derived from:
Where % (mm/hr) is the rain rate exceeded at % of the time, % is the path reduction factor at the same time percentage, (km) is the radio path length. Parameters and depend on frequency, elevation angle, rain temperature and signal polarization.
Overview of Rain Attenuation Prediction Models Used
Some published rain attenuation prediction models have claimed global applicability. Some of them have been applied in this paper for the purpose of testing for suitability or otherwise at the station of interest. These are:
Simple attenuation model (SAM)
One of the most widely used slant path rain attenuation prediction models is the Simple Attenuation Model [7] ; which incorporates individual characteristics of the stratiform and convective rain types in its formulation. It employs the point rainfall rate of the location of interest to compute the attenuation time series. The major procedures are;
The attenuation: 
, the effective rain height ( R H ) is subject to the rain rate when convective rainfalls are considered. This is so because convective storms forces rain far higher into the atmosphere; extending the slant path [8] . S H is station's height above the mean sea level.
The slant path attenuation is computed employing a modified value of effective path length using the expression: mm/hr 10 ; cos ) 10 ln(
Where b is an empirical constant of 22 1 .
The following empirical expressions for effective rain height R H were derived, based on measurement data:
is the slant path up to rain height, 0 H (km) is the C 0 0 isotherm height above mean sea level and its value can be obtained from the isotherm chats of ITUR.
P.839-4 [9] ..
Synthetic Storm Technique (SST) Prediction Model
The synthetic storm technique (SST) was originally introduced by [10] , specifically for terrestrial radio link, and was premised on the concept of the Hamilton-Marshall "synthetic storm". The SST input data was the rainfall rate time series over a physical distance by adopting a storm translation velocity in transforming time to distance. The synthesized storms express rainfall rate ( R ) as a function of distance ( x ) by aggregating the statistical physiognomies of an enormous quantities of synthetic storms [11] . The transformation of rain rate to specific attenuation (  ) and by extension, the attenuation, across a distance ( L ) was achieved by Equation (8) .
Other essential inputs in the formulation of SST are advection velocity of rain cells and the slant path length of the location of interest. The SST slant path vertical structure is modeled into tropospheric two layers, A and B. Layer A represents the rain layer where precipitation occurs while layer B is the melting layer, where ice transforms into water as it begins to melt. Layer A comprised homogenous rain precipitation ( A R ) and layer B symbolise ice with apparent rain rate ( B R ). The combination of both is expressed as:
The resultant slant path rain attenuation is: (10)  is the distance measured along the satellite slant path, while k and  are statistical coefficients which correspond to the satellite signal elevation angle, polarization, rain drop size distribution and 
Matricciani [4] revealed that the probability distribution function that was generated by SST can consistently be represented by
Where L (km) is typifies the long term slant path in the rainfall (and m is a random variable) as given by [9] and described by [14] 
The value of the random variable m is derived from
The integration constant, 0
H is the vertical dimension of the melting layer's tip and 0.4 km is supposed thickness of the melting layer.
1.1.3
The ITU-R. P.
618-12 Model
The ITU-R Recommendation P.618-12 rain attenuation prediction model [15] is the only rain attenuation prediction model for consideration of degrading effects of rain on satellite communication equipment. 
Bryant Proposed Model
This model [21] utilized the theory of "effective rain cell" and variable rain height to determine rain attenuation the distribution of at any location of by engaging the following parameters: R , S H , and elevation angle of earth the station (  ). All these are used as inputs in computing the attenuation exceeded.
The probability factor (PF) parameter is derived from
Where D is the rain cell diameter, and is defined as 
Where the slant path length ( s L ) and the specific attenuation ( p  ) are previously given in Equations (5) and (2) 
Dissanayake, Allnutt and Haidara (DAH)
This rain attenuation prediction model was formulated by Asoka Dissanayake, Jeremy Allnutt and Fatim Haidara [22] . There are similarities between it and the ITU-R. P. 618-12 [15] rain model. Here, rain intensity at the 0.01% of the time is the input to this model. Furthermore, inhomogeneities of rain in both the vertical and horizontal directions are accommodated. This approach is valid across a range of frequency of between 4-35 GHz and a percentage probability range of between 0.001%-10% of time exceeded. 
RESEARCH METHOD
Satellite attenuation data for the Ku band (12. 675 GHz) at 0.01% of the time were sourced from NigComSat-2, a Nigerian satellite communication satellite owned by NASRDA (National space research and development agency) and launched into space into space on August 17, 2011. The slant path attenuation exceedances for other percentages of the time for the average year were obtained using statistical interpolation and extrapolation methods. The slant path measured attenuation data for the Ka frequency band (19. 45 GHz) at 0.1%, 0.01% of the time exceeded were retrieved from the contour maps in the work published by Ojo et al. [23] . Similarly, attenuation exceedances for other corresponding percentages of time for an average year were attained by statistical interpolation and extrapolation methods. These data were thereafter scaled up to 26 GHz by adopting the procedures provided in ITU-R. P.618-12 [15] .
Monthly rainfall data, recorded hourly were sourced from NIMET (Nigerian Meteorological Services) for Lagos, Nigeria spanning a period of three years (January 2010 through December 2012). Lagos (6.35 0 N, 3.23 o E) is a station lying within a coastal rain forest region of tropical Nigeria and with an altitude of 38 m above the msl (mean sea level). The annual rainfall is 1425 mm. The measurement setup comprises a rain gauge (the buck-type) to record the point rainfall rate.
The rain rate at 0.01% (R 0.01 ) of time was calculated from the total annual accumulation using the Chebil model [24] in Equation (4) . Thereafter, the hourly recorded rain rate was then converted to 1-min rain rate at 0.01% of time exceedance, R 0.01 was obtained also from [19] as expressed in Equations (28) and (29). 
Where the probability of occurrence is , 1 ( ) is the 1-min rainfall rate and 60 ( ) is the 60-min rain rate.
RESULTS AND ANALYSIS
For 12 GHz (Figures 1 (a) and 2 (a) ) at 0.001% of the time, SST and DAH models were the closest to the measured value, while Bryant model showed the worst deviation. Also, at = 0.01%, ITU-R, DAH and Bryant models closely matched the measurement, while SST and SAM prediction models largely overestimated the measured value. Overall, ITU-R presented the best performance, closely followed by the DAH model, except at 0.1% ≤ ≤ 1.0% (notwithstanding that both models underestimated the measurement for percentages of time). Table 1 presents comparison of mean error, standard deviation and RMS (root mean square) for different prediction models at both Ku and Ka frequency bands. Again, from the RMS statistical values, ITU-R and DAH predictions models exhibited the most impressive performances, both at Ku and Ka bands; and giving the evaluation technique approved by the ITU-R P.311-15 [25] , the prediction model with smallest values of the statistical parameters are adjudged the best prediction method. Hence, from the Table, the ITU-R model presented the overall best performance at the Ku band while the DAH proposed prediction model showed the best performance at the Ka frequency band (just slightly better than the ITUR model).
Table1. Comparison of mean error, standard deviation and RMS for different prediction models at 12 GHz and 26 GHz.
CONCLUSION
Performances of the various prediction models of interest were investigated at both Ku and Ka frequency bands to ascertain the suitability or otherwise of these models as choice rain attenuation models for a tropical station like Lagos, Nigeria. Again, the ITU-R prediction model has shown reliability at ku band but the performances seem to diminish at a higher frequency band (26 GHz). However, at 26 GHz, DAH proposed rain attenuation model showed a slight improvement over the ITU-R model even though both models have remarkable similarities in their formulations. Moreover, the show of good performances by the 69 ITU-R model may be attributable to its assumption of homogeneity of rainfall along the slant path, which may not entirely correct for stations with low elevation angles, such as those in the tropical regions because the slant path are much more lengthened; and may consequently stretch beyond one rain cell. In summary, there is need to update (or possibly replace) the ITU-R model with a more suitable one for the tropical regions to improve the accuracy and reliability of slant path rain attenuation predictions results turned out by the model for use by satellite communication equipment designers and engineers for both domestic and commercial ( = 0.01%), as well as military ( = 0.001%) applications.
